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Background: Cystic fibrosis (CF) is characterized by an excessive inflammatory response in epithelial cells and macrophages. In CF mice,
lung inflammation can be abrogated by oral treatment with docosahexaenoic acid (DHA). Since PPARs and LXRs are important regulators of
inflammation and fatty acid metabolism in macrophages, we hypothesized that these pathways are dysregulated in CF macrophages and are
corrected with DHA treatment.
Methods: Peritoneal macrophages were obtained from wild type and cftr−/− mice. LPS induced cytokine secretion and NFκB activity were
analyzed with and without oral DHA treatment. The expression and activity of PPARα,γ, δ and LXRα were analyzed by RT-PCR and EMSA.
Results: LPS induced TNFα and IL-6 secretion and NFκB p65 activity were increased in CF macrophages. This was associated with low
basal PPARγ expression and attenuated LPS induced induction of PPARδ, LXRα and ABCA1. DHA pretreatment in vivo decreased TNFα
secretion and p65 activity, and increased PPARα and γ expression and function. The effects of DHA could be reproduced by PPAR agonists
and blocked by a PPARα antagonist.
Conclusion: Impaired regulation of nuclear receptors may contribute to the abnormal LPS induced signaling in CF macrophages and is
reversed by DHA.
© 2007 Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society.Keywords: Cystic fibrosis mice; Nuclear receptors; Macrophages; Inflammation; Docosahexaenoic acid; CytokinesCystic fibrosis (CF) is a genetic disease caused by
dysfunction of the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein. This defect is associated
with a progressive decrease in lung function caused by
chronic bacterial infection and inflammation. Normally, a
persistence of bacterial leads to a switch from neutrophils to
a less damaging chronic inflammatory response, involving
macrophages and lymphocytes. However, in CF that
modulation never takes place and the airway inflammation
is characterized by persistent neutrophilic infiltration that☆ Data from this manuscript were presented at the North American Cystic
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doi:10.1016/j.jcf.2007.05.004does not manage to clear the infection. A contributing factor
for this appears to be a defective clearance of apoptotic cells
by macrophages, a process that involves CFTR [1].
Increasing evidence suggests that mutations in the CFTR
gene are connected with dysregulation of the innate immune
response in both CFTR expressing epithelial cells and
monocytes/macrophages. Tirouvanziam et al. [2] showed in
a model of naive human airways using tracheal grafts that CF
airways are in a proinflammatory state in the absence of
infection with increased numbers of subepithelial leukocytes
and increased IL-8 levels. The same phenomenon is seen in
cftr−/− mice. Cftr−/− mice raised in pathogen free conditions
exhibit more lymphocytes in their airways than wild type
(WT) mice [3]. Using microarray analysis, Xu et al.
compared mRNA expression in lung tissue from cftr+/+
and cftr−/− mice without any infection. Genes involved in the
inflammatory response were overly represented among theuropean Cystic Fibrosis Society.
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and CSF-1 receptor as well as genes of the calgranulin family
[4]. The calgranulins are calcium-binding proteins that are
primarily expressed by monocytes and macrophages in re-
sponse to TNFα, interferon γ, and IL-1β.
Altered cytokine production has been described in human
CF airway epithelial cells and gland cells aswell as neutrophils,
lymphocytes, monocytes andmacrophages [5–8]. Cftr−/−mice
do not exhibit spontaneous lung inflammation, but they are
more susceptible to Pseudomonas aeruginosa induced lung
inflammation [9,10]. Following aerosolized P. aeruginosa
LPS exposure, cftr−/− mice display increased levels of TNF-α,
MIP-2, and KC in their bronchoalveolar lavage (BAL) fluid
compared toWTmice [9]. These reports indicate that immune
cell infiltration and excessive cytokine production is linked to
an inherent effect of dysfunctional CFTR.
One possible cause for the predilection for inflammation
in CF is alterations in phospholipid-bound fatty acids within
CFTR regulated cells. It has been shown that arachidonic
acid levels are increased and docosahexaenoic acid (DHA)
levels decreased in CF affected organs in transgenic mouse
models [11] as well as in humans with CF [12]. Correction of
this fatty acid defect with high doses of orally administered
DHA reversed the pathologic changes including the
excessive inflammatory response in the lungs [8] and bile
ducts [13] of these cftr−/− mice.
How CFTR dysfunction leads to the fatty acid abnor-
malities is unknown as well as the mechanism of action by
which DHA ameliorates the inflammatory reponse. Perox-
isomal proliferator activated receptors (PPAR) and liver X
receptors (LXR) could provide the link between these pro-
cesses. These nuclear receptors are well known regulators
of fatty acid and cholesterol metabolism. More recently
their role as inflammatory regulators has emerged [14].
PPAR and LXR activation inhibits pro-inflammatory cyto-
kine expression both in vitro and in vivo and are important
for resolution of inflammation [15–18] through interactions
with both NFκB and activator protein 1 signaling pathways
[14].
There are three forms of PPARs, α, γ and δ (also called β)
with tissue specific expression. All PPAR isoforms are
expressed in immune cells such as monocytes/macrophages
and B and T lymphocytes [19–22]. PPARα−/− mice exhibit
increased lung inflammation and cytokine secretion after
challenge in a murine asthma model compared to WT mice
[23]. Activation of PPARγ in alveolar macrophages enhances
phagocytosis of apoptotic neutrophils [24] and suppression of
neutrophil chemotaxis, essential roles for resolution of in-
flammation. LXR−/− mice are susceptible to infection with
bacterial strains such as Listeria which play an important
pathogenic role intracellularly [25].
PPARs are activated by polyunsaturated fatty acids such
as DHA as well as fatty acid metabolites that are produced
during inflammatory responses. For example, PPARα is
activated by leukotriene B4 and 8S-hydroxyeicosatetraenoic
acid (HETE) while 15-HETE and 15-deoxy-D12,14-prosta-glandin J2 (15dPGJ2) are PPARγ ligands. Thus, inflamma-
torymediators activate PPAR's thereby initiating the resolution
phase of inflammation [26].
LXRα is expressed primarily in macrophages with lower
levels in liver, intestine and adipose tissue [27–29], whereas
LXRβ is widely expressed [29]. LXRα and LXRβ are rec-
ognized for their importance in cholesterol metabolism and
regulation of inflammation in macrophages. LXR activates
transcription of members of the ABC superfamily of mem-
brane transporters, including ABCA1 [30]. Although oxyster-
ols are the classical activators of LXR [31,32], recent studies
indicate that LXR, by responding to fatty acids, also are an
general regulators of fatty acid metabolism [33,34].
Although there is increasing evidence that macrophages
are involved in the defective immune regulation in CF, most
research to date has been focusing on the response of airway
epithelial cells. In this study we focused on the LPS induced
immune response in CF macrophages and the effect of the n-
3 fatty acid DHA. Since PPARs and LXRs are important in
the regulation of inflammation and fatty acid metabolism in
macrophages and PPARγ expression is decreased in tissues
from cftr−/− mice, we hypothesized that 1) CF macrophages
are primed for inflammation due to dysfunctional expression
of nuclear transcription factors and 2) DHA and other
specific PPAR agonists act on macrophages to ameliorate the
CF associated inflammation. For this study we chose to use
peritioneal macrophages since they are more readily ob-
tained in sufficient numbers compared to lung macrophages
from cftr−/− mice.
1. Materials and methods
1.1. Materials
IGEPAL, Protease Inhibitor Coctail (#P8340) was ob-
tained from Sigma-Aldrich, St Louis, MO; thioglycollate
broth was obtained from Becton Dickinson, Sparks, MD.
1.2. Mouse colony
Experiments were carried out under protocols approved
by the Beth Israel Deaconess Medical Center Animal Care
Committee. The mice were housed in the animal facility at
Beth Israel Deaconess Medical Center in a room that was
controlled for temperature (20–22 °C), humidity (30–70%)
and light (light 6AM to 8PM). Exon 10 cftr−/− mice from our
established breeding colony and their WT littermates were
used for the experiments. Tail-clip samples of 14 days old
mice were used for genotype analysis. The mice were
weened at 23 days of age. All mice were maintained on
Peptamen (Nestle Clinical Nutrition, Deerfield, IL) and
water. One week before experiment WT littermates were put
on Peptamen and water. For studies determining the effect of
in vivo pretreatment of DHA, cftr−/− or WT mice were fed
40 mg/day of DHA (Neuromins, Sudbury, MA) emulsified
in Peptamen for 10 days.
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Macrophages were induced by IP injection of 2 ml
thioglycollate broth (3.95 g/100 ml). After 4 days the mice
were euthanized with CO2. Macrophages were obtained by
peritoneal lavage with 10 ml of chilled PBS. Macrophages
were centrifuged and the pellet used for protein extraction,
fatty acid extraction or RNA extraction, or macrophages
were plated for LPS stimulation.
1.4. Elisa
Peritoneal macrophages were obtained as described.
Harvested macrophages were plated (0.5 million cells/well
in 12 well plates) in RPMI medium with 10% serum. After
40 min attached cells were, washed and incubated for 16 h
with media alone (control and DHA in vivo studies) or with
DHA, EPA, 22:5 n-3, 24:6 n-3, 18:2 n-6 (all 5 μM),
Wy14643 (50 μM, Biomol, Plymouth Meeting, PA),
rosiglitazone (10 μM, Cayman, Ann Arbor, MI), MK-886
(10 mM, Cayman) or BADGE (1–10 mM, Cayman). Cells
were then stimulated with 0–10000 ng/ml LPS for 4.5 h.
TNFα and IL-6 secretion were measured in the supernatant
by ELISA according to the instructions from the manufac-
turer (R&D systems, Minneapolis, MN).
1.5. NFκB activity assay
Peritoneal macrophages were obtained as described and
seeded onto 24 well plates (1.5 million/well) in RPMI
medium with 10% serum. After attachment the medium was
changed and the cells rested for 16 h. Cells were then
stimulated with 100 ng/ml LPS for 30 min and after two
washes lysed with complete lysis buffer (Active motif,
Carlsbad, CA). P65, p50, RelB, c-Rel, and p52 activity were
measured with a kit from Active motif according to
instructions from the manufacturer. 9 μg protein was added
per well.Fig. 1. Analyses of cytokine secretion in CF and WT macrophages. Peritoneal ma
4.5 h with various concentrations of LPS. TNFα (A) and IL-6 (B) secretion into the m
oral DHA 40 mg/day. n=6. ⁎ pb0.05 statistical difference compared with WT. †1.6. Fatty acid analysis
Peritoneal macrophages were resuspended in 0.5 ml PBS.
After adding heptadecaenoic acid as internal standard the
samples were extracted in 3 ml Chloroform-Methanol 2:1 in
glass tubes. After centrifugation at 800 ×g for 3 min the lower
phase was transferred to a new tube and dried under nitrogen
gas. 0.5 ml methanolic base (Sigma-Aldrich) was added, the
sample was vortexed and incubated at 100 °C for 3 min.
0.5 ml Borontrifluoride solution was added and the samples
vortexed and incubated for 1 min at 100 °C. After adding
0.5 ml hexane (Sigma, HPLC pure) the samples were
vortexed and incubated at 100 °C for 1 min. 6.5 ml saturated
NaCl was added and the samples centrifuged for 3 min at
800 ×g. The upper phase was transferred to a new tube and
fatty acids were analyzed by gas chromatography/mass
spectrometry (GC/MS). GC/MS analysis was performed on a
Hewlett-Packard Series II 5890 gas chromatograph coupled
to an HP-5971 mass spectrometer equipped with a Supelco-
wax SP-10 capillary column. Fatty acids were quantified
comparing areas of unknown FAMEs to that of a fixed
concentration of 17:0 internal standard.
1.7. Real-time PCR
Macrophages were seeded to 6-well plates is RPMI
medium. After 2 h of attachment medium was changed to
R10 (RPMI medium with 10% FCS) and cells rested over
night. Cells were then stimulated with 100 ng/ml LPS
(Escherichia coli O55:B5 LPS; Sigma-Aldrich, St. Louis,
MO) and RNA was extracted after 8 h (LPS and control),
16 h and 24 h using STAT-60 (Tel-Test, Friendswood, TX).
For analysis of nuclear nuclear receptor expression after
DHA treatment in vivo, RNA was extracted from the
peritoneal macrophages without previous plating. RNA was
then converted to cDNA using Multiscribe Reverse Tran-
scriptase and random primers (Applied Biosystems). Quan-
titative PCR was performed in a 7500 Real time PCR systemcrophages were plated, rested over night and the next day and incubated for
edia was assayed by ELISA. Some animals were pretreated for 10 days with
pb0.05 statistical difference compared with cftr−/− mice.
Fig. 2. Analyses of NFκB activity in WT and CF macrophages. Peritoneal macrophages were plated, rested over night and then stimulated with 100 ng/ml LPS
for 30 min. A. The cells were lysed and 9 mg/well protein were analyzed for NFκB activity B. p65 activity in plated macrophages after LPS stimulation with and
without oral administration of DHA for 10 days (40 mg/day). ⁎ p≤0.05, ⁎⁎ pb0.01, ⁎⁎⁎ pb0.001 comparing to control without LPS stimulation unless
otherwise indicated; n=6.
Table 1
Fatty acid profile in WT and CF macrophages
WT CF
16:0 31.3±0.9 29.4±0.9
18:0 18.1±0.5 18.2±1.0
18:1 n-9 11.8±0.4 13.6±1.3
n-6
18:2 11.8±0.8 10.9±0.5
20:3 1.8±0.06 1.7±0.11
20:4(AA) 13.5±0.6 14.4±0.6
22:4 3.8±0.3 4.1±0.3
22:5 0.26±0.02 0.42±0.07⁎
n-3
18:3 0.23±0.09 0.21±0.08
20:5 0.26±0.10 0.23±0.03
22:5 1.6±0.14 1.8±0.15
22:6 (DHA) 2.4±0.3 2.9±0.3
Fatty acids were extracted and methylated from peritoneal macrophages and
analyzed by GC/MS. Heptadecaenoic acid was used as internal standard.
Data are expressed in mol% of total fatty acids (mean ±SEM) and are
representative of at least 7 mice per group. ⁎ pb0.05.
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mix kits (Applied Biosystems) according to the manufac-
turer's instructions for PPARα, δ, RXRα, LXRα, Acyl CoA-
oxidase, CD36, ABCA1 and acidic ribosomal phosphopro-
tein (RB23). PPARγ1 FAM-labeled TaqMan probes were
provided by Integrated DNA Technologies (Coralville,
Iowa). Secquence for PPARγ1 was exon 2 forward primer:
50-TCA CAA GAG CTG ACC CAA TGG T-30, exon 2
reverse primer: 50-ATA ATA AGG TGG AGA TGC AGG
TTC TAC-30, Probe: 50-FAM-CTG AAG CTC CAA GAA
TAC CAA AGT GCG ATC-TAMRA-30. Results were nor-
malized to RB23 mRNA levels. All samples were analyzed
in duplicates.
1.8. Protein extraction
Nuclear fractions were prepared according to a protocol
from Sigma (NXTRACT Technical bulletin No. MB625). The
cell pellet was resuspended in 100 μL isotonic lysis buffer
containing 1 μL 0.1 M DTT and protease inhibitor coctail,
incubated on ice for 15 min. IGEPAL was then added (final
concentration 0.5%) and the samples vortexed for 10 s
followed by centrifugation at 11000 g for 30 s. The super-
natant (cytosolic fraction) was removed and 20–50 μl of
extraction buffer was added to the pellet. The samples were
vortexed at 4 °C for 15–30 min and then centrifuged at
21000 g for 5 min. The supernatant (nuclear fraction) was
transferred to a new tube. Protein concentration was deter-
mined by Bradford protein assay (Bio-Rad, Hercules, CA).
1.9. EMSA
Electrophoretic mobility shift assay (EMSA) was per-
formed as previously described (Tzameli et al., 2000) with
some modifications. Protein samples were mixed with EMSAbuffer (10 mM Tris HCl pH 8, 0.05% NP40, 1 mM DTT,
40mMKCl, 6%glycerol) and dI/dT 3μg/ml. Double-stranded
oligonucleotides (Invitrogen, San Diego, CA) containing a
perfect consensus DR1 motif (synthetic PPAR response
element-PPRE)(5′-AGC TAC GTG ACC TTT GAC CTG
GT-3) were end-labeled with [γ-32P] ATP (New England
Nuclear, Boston, MA). 50 kCPM of the probe was incubated
with 5 μg of nuclear extracts in EMSA buffer, for 20 min at
room temperature. For supershift, a PPARα antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) were incubated with the
nuclear extracts overnight, after addition of the probe.
Competition for specific binding was performed by adding
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prior to the addition of the probe. The complexes were
resolved on a 5% TBE gel (Bio-Rad, Hercules, CA) and
visualized by autoradiography overnight. Densitometric
quantitation was performed using Quantityone software
(Applied Biosystems).
1.10. Statistical analysis
The results are expressed as mean±SEM. Data were
analyzed by Student's t-test.
2. Results
2.1. CF macrophages display increased LPS induced
cytokine secretion and altered NFκB induction
In order to determine whether there is an intrinsic abnor-
mality in immune function in CF macrophages, we initially
tested whether LPS-induced cytokine secretion is increased in
CF macrophages from cftr−/− mice compared to WT animals.Fig. 3. Nuclear receptor mRNA expression by RT-PCR as a function of LPS stimu
LPS (time 0) or with 100 nM LPS for 8 h, 16 h, and 24 h. mRNA expression w
C. PPARδ; D. RXRα; E. LXR; F. ABCA1. ⁎ pb0.05 comparing WT and CF. †
compared with CF control. Figures are representative of three different experimenLPS stimulation of CF peritoneal macrophages in vitro led to
an increase in both TNFα (3.1 fold) and IL-6 (2.3 fold) secre-
tion compared to that seen fromWTmacrophages (Fig. 1A,B).
Pretreatment of cftr−/−micewith oralDHA for 7 days decreased
LPS induced TNFα secretion from peritoneal macrophages by
43% (pb0.05), but had no effect on IL-6 secretion.
In order to assess NFκB activity in the peritoneal
macrophages, binding of the NFκB proteins p65, p50, RelB
c-Rel and p52 to the NFκB consensus site was analyzed and
are shown in Fig. 2A. There were no significant differences
in the expression of any of the NFκB proteins at base line
between cftr−/− and WT mice. Stimulating the macrophages
with LPS led to a significant increase of p65 and p50 in both
WT and CF cells. However, the p65 activity was higher in
CF macrophages than in WT macrophages after LPS
stimulation. LPS stimulation led to a small but significant
increase of RelB and c-Rel in WT but not in CF mac-
rophages. Treatment of the mice with DHA reduced p65
activity in both WT and CF macrophages after LPS
(Fig. 2B). There was no effect on the other NFκB proteins
(data not shown).lation and CFTR function. Macrophages were plated and stimulated with no
as assessed by RT-PCR and normalized to RB23. A. PPARα; B. PPARγ;
pb0.05, †† pb0.01, ††† pb0.001 compared with WT control. ‡ pb0.05
ts, n≥6.
Fig. 4. PPAR activity inWTand CFmacrophages by EMSAwith and without
DHA treatment. A. EMSAwas performed on nuclear fractions from WT and
CFmacrophage samples. 5 μg protein was loaded per well. PPRE binding was
decreased in CF macrophages compared to WT. The results are representative
of three separate experiments. B. Quantification of PPRE binding in WT and
CF macrophages. The PPAR/RXR band from three separate experiments was
quantitated by densitometric scanning. ⁎⁎⁎ pb0.001 C. Effect of oral
administration of DHA on PPARα induction in CF macrophages. WT and
cftr−/− mice were fed peptamen or peptamen containing DHA 40 mg/day for
10 days. Representative results are shown from two WTand three cftr−/−mice
on DHA as well as one CF control mouse on no DHA. 5 μg of nuclear protein
was loaded per well. PPARα antibody and DHA pretreatment was used as
indicated in the figure.
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arachidonic acid or DHA levels
Since CF tissues have an altered fatty acid profile with low
DHA levels and high levels of the proinflammatory omega-6
fatty acid arachidonic acid, we examined whether similar
fatty acid changes, which could explain the increased
cytokine secretion, are present in CF macrophages. The
fatty acid content in peritoneal macrophages from WT and
cftr−/− mice was analyzed by GC/MS. We found no
differences in arachidonic acid or docosahexaenoic acid
levels, or in any other major fatty acids (Table 1). However
there was a significant increase in 22:5 n-6, the final fatty acid
in the n-6 pathway downstream of arachidonic acid, in CF
peritoneal macrophages.
2.3. Nuclear transcription factor mRNA expression is
altered in CF compared to WT peritoneal macrophages as
a function of LPS exposure
Since expression of the nuclear transcription factor
PPARγ is low in ileum and colon of cftr−/− mice [42] and
diminished levels in CF macrophages would potentially lead
to a proinflammatory state, PPAR, RXR and LXR expression
was analyzed in CF macrophages. mRNA levels were
measured by quantitative PCR at 0, 8, 16 and 24 h after
100 ng/ml LPS stimulation in vitro. The expression in WT
macrophages is as follows: There were no significant changes
in PPARα expression as a function of LPS stimulation
(Fig. 3A). PPARγ expression decreased by 97% in WT
macrophages within 8 h of LPS stimulation and remained at
this level for 24 h (Fig. 3B). PPARδ, LXRα and ABCA1, on
the other hand, were increased by LPS exposure in WT
macrophages. PPARδ increased 3-fold after 8 h of LPS
exposure (Fig. 3C) and LXRα increase 2.5 fold after 16 h of
LPS exposure (Fig. 3E). Expression of ABCA1, a target gene
of LXR activation increased 4-fold after 8 h and was further
increased to 5.5-fold of control levels after 24 h (Fig. 3F).
There was no significant change in RXR expression after LPS
exposure (Fig. 3D). The results of LPS exposure of WT
macrophages presented here are consistent with the results in
a recent study by Barish et al. [35].
The expression of nuclear transcription factors in CF
macrophages was then examined. There was no difference in
PPARα expression comparing WT and CF macrophages.
Basal expression of PPARγ in CF macrophages was 25% of
the levels seen in WT macrophages, with the response to
LPS being similar to WT macrophages. LPS induced
PPARδ expression was attenuated at all time points
following LPS exposure in CF macrophages compared to
WT macrophages (Fig. 3C). RXRα was significantly lower
in CF macrophages only at the 16 h time point although the
trend was there at all time points (Fig. 3D). The increase in
the expression of both LXRα and its target gene ABCA1
were attenuated with LPS exposure compare to WT
macrophages (Fig. 3E,F). Taken together, these data indicatethat in CF macrophages, basal expression of PPARγ is
decreased and following LPS stimulation, there is an
attenuation in the increase in PPARδ, LXRα and ABCA1.
2.4. PPAR DNA binding is decreased in CF macrophages
and is restored by DHA
Given the alteration in PPARγ mRNA expression by
quantitative PCR, we examined whether this was linked with
decreased function. PPAR function in macrophages was tested
by assessing binding to the PPAR response element (PPRE)
in an EMSA assay. Fig. 4A shows the PPRE binding in WT
and CF macrophages. Competition for specific binding was
performed by adding an excess of unlabeled oligonucleotide to
the reaction, 30 min prior to the addition of the probe. This
completely inhibited the binding to labeled PPRE in the WT
sample (data not shown) demonstrating the specificity of
this band. Binding to PPRE was significantly decreased in
CF macrophages compared to WT. Fig. 4B shows the quan-
tification of the PPAR/RXR band from WT and CF macro-
phages from three different experiments. This demonstrates
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compared to WT macrophages.
Since DHA is a known PPARα ligand, we tested whether
DHA given orally to the mice increased PPARα activity in
macrophages. Shown in Fig. 4C are the results from two WT
and 3 cftr−/− mice to show the variability in PPRE binding
fed with oral DHA for 10 days. The results from one cftr−/−Fig. 5. Effect of oral DHA administration in CF and WT mice on mRNA expre
peritoneal macrophages from mice with or without pretreatment with oral DHA. W
B Acyl-CoA-Oxidase; C. PPARγ; D. CD36; E. PPARδ; F. RXRα; G. LXRα; H. A
Results are representative of 2 separate experiments, n=6 for each group.mouse not given DHA is shown in lane 11 and is similar to
the results seen in Fig. 4A. Macrophages from WT mice fed
DHA showed prominent PPRE binding. Incubation with a
PPARα antibody resulted in a significant reduction in the
intensity of the PPAR/RXR band. Cftr−/− mice fed for
10 days with DHA demonstrated increased PPRE binding in
the CF macrophage samples (lanes 5–10) compared tossion of nuclear receptors and their target genes. RNA was extracted from
T and CF macrophages were analyzed for mRNA expression of: A. PPARα;
BCA1. All data were normalized to RB23 expression. ⁎ pb0.05, ⁎⁎ pb0.01.
Fig. 6. Effect of DHA and PPAR agonists on cytokine secretion in vitro. Peritoneal macrophages were plated and incubated with media alone (CON) or
containing DHA (5 μM), Rosiglitazone (ROSI; 10 μM ), or WY14643 (WY; 50 μM) for 16 h. Cells were then stimulated with 100 ng/ml LPS for 4 h and TNFα
and IL-6 were assayed in the media by ELISAwith control values normalized to 100%. ⁎ pb0.05, ⁎⁎ pb0.01, ⁎⁎⁎ pb0.001 statistical difference compared with
control. Data shown are the means±SEM from 3 different experiments.
Fig. 7. Effect of the PPARα inhibitor MK-886 and other fatty acids on
cytokine secretion in vitro. Peritoneal macrophages were plated and
incubated with media alone or containing DHA (5 μM), DHA+MK-886
(10 μM), MK-886, eicosapentaenoic acid (EPA; 5 μM), 22:5 n-3 (5 μM),
24:6 n-3 (5 uM) or linoleic acid (LA; 5 μM). Results are representative of 2
separate experiments, n=6 for each group. ⁎ pb0.05, ⁎⁎ pb0.01 comparing
to control, † pb0.05, †† pb0.01 comparing to DHA.
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RXR band was significantly decreased after incubation with
the PPARα antibody.
2.5. DHA increases expression of nuclear receptors
selectively in CF macrophages
We also studied the effect of DHA treatment on the
mRNA expression of PPARs and LXRα as well as genes
regulated by these transcription factors, as an assessment of
their activity (Fig. 5). DHA pretreatment did not have any
effect on the transcription factors tested in the WT mice.
However, in the CF macrophages expression of both
PPARα and PPARγ as well as of their target genes, acyl-
CoA-oxidase and CD36 respectively, were upregulated by
DHA pretreatment in vivo. Also RXRα was increased in the
CF macrophages after DHA treatment. DHA treatment did
not increase expression of PPARδ, LXRα or the LXRα
regulated gene ABCA1.
2.6. DHA and specific PPAR agonists decrease LPS induced
cytokine secretion in vitro
In order to determine the role of PPARα and γ in the CF
associated increase in TNFα and IL-6 secretion from CF
macrophages, the effects of in vitro treatment with DHA and
other PPAR agonists on LPS induced TNFα and IL-6 secretion
were examined (Fig. 6). DHA in vitro decreased
TNFα secretion in both CF and WT macrophages by 22%
and 20%, respectively. No differences were seen with IL-6 in
CF macrophages compared to control, consistent with the data
in vivo shown in Fig. 1B. However, a statistically significant
decrease of IL-6 was seen in WT macrophages in response to
DHA. Rosiglitazone, a PPARγ agonist, decreased TNFα
secretion by 33% (pb0.001) in CFmacrophageswith no effect
on IL-6 secretion. Wy14643, a PPARα agonist, decreased
TNFα secretion in CF macrophages by 16% (pb0.001) with
similar results seen in WTmacrophages. WY14643 decreased
IL-6 by 16% (pb0.05) in CF macrophages but not in WT.
Taken together, these data demonstrate that DHA as well asPPARα and γ agonists, attenuate TNFα secretion from CF
macrophages with less significant effects on IL-6 secretion.
2.7. The effect of DHA on TNFα secretion is blocked by a
PPARα antagonist
We then studied whether the effect of DHA on TNFα
secretion could be inhibited by PPAR antagonists. The 5-
lipoxygenase activating protein inhibitor MK886 was recently
found to inhibit PPARα with minimal effects on PPARγ and
PPARδ [36]. MK886 significantly inhibited the effect of DHA
on TNFα secretion (Fig. 7).We also used the PPARγ inhibitor
BADGE, but this substance was toxic to the cells.
2.8. The effect of DHA on TNFα secretion is not reproduced
by other n-3 fatty acids
We also examined the specificity of DHA by comparing
it to other fatty acids (Fig. 7). For comparison we used
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22:5 and 24:6 as well as the essential n-6 fatty acid 18:2
(linoleic acid).
DHA was the only n-3 fatty acid that significantly de-
creased TNFα secretion (Fig. 7). Linoleic acid decreased
TNF secretion in CF macrophages but not WT.
3. Discussion
This study shows that the innate immune response in
macrophages from cftr−/− mice, as measured by LPS stim-
ulated TNFα and IL-6 secretion, is abnormal compared to
WT macrophages. These results are consistent with studies
that have demonstrated an abnormal LPS chemokine
response in human monocytes from CF patients [7,37] and
in bone marrow derived macrophages from cystic fibrosis
mice [8]. CFTR is expressed at low levels in human mac-
rophages [38]. This was confirmed in mouse macrophages
by Thomas et al. [8] and provides support for a direct relation
between CFTR and this aspect of the immune response in
macrophages.
In order to understand the mechanism for this augmented
LPS induced response in CF macrophages, an analysis of the
five NFκB proteins in peritoneal macrophages without and
with stimulation with LPS was performed. LPS stimulation
is known to induce p65/p50 heterodimers [39,40] that can
activate both TNFα [41] and IL-6 [42] expression in
macrophages. There was increased activity of both p65 and
p50 after LPS stimulation, with a higher activity of p65 in CF
cells compared to WT. Hence it is likely that increased p65/
p50 binding is responsible for the increase in cytokine
secretion from CF macrophages. Increased p65 activity has
previously been shown in CF airway cells [43].
DHA treatment in vivo decreased TNFα but not IL-6
secretion in CF mice. Of the NFκB proteins only p65 was
significantly altered by DHA treatment. This is in agreement
with previous studies showing decreased p65 activity in LPS
stimulated macrophages after DHA treatment [44–46]. A
decrease in p65 expression could affect the formation and
activity of alternate dimers that could have different effects
on the TNFα compared to the IL-6 promotor. It is also
possible that the selective effect of DHA on TNFα compared
to IL-6 secretion are NFκB independent.
Since nuclear receptors such as PPARs are known to
repress NFκB activity by a process called ligand dependent
transrepression (Ref. [14] for review), we examined whether
levels of PPAR, RXR, and LXR were decreased in CF
macrophages. At baseline, mRNA expression of PPARγ was
significantly lower in CF macrophages. This is in agreement
with our previous study of PPARγ expression in CFTR
regulated tissues from cftr−/− mice [47]. After LPS
stimulation there was a blunted response in the expression
of PPARδ, LXRα and RXRα and the LXR target gene
ABCA1 in CF macrophages. These results suggest that the
formation of functional PPAR/RXR heterodimers is im-
paired in CF macrophages both at baseline and after LPSstimulation. Defective PPAR activity was confirmed by
EMSAwhere there was defective binding to the PPRE in CF
macrophages. Since all isoforms of PPAR as wells as LXR
have been shown to downregulate LPS induced cytokine
secretion [18,48,49] and LXR expression in macrophages
has been shown to be essential in the defense against bac-
terial infection [25], the impaired expression of these factors
in CF macrophages would potentially lead to a proinflam-
matory state.
The expression of nuclear transcription factors in bone
marrow derived macrophages after LPS and interferon-γ
stimulation was recently characterized by Barish et al. [35].
They found that activation of macrophages initiated a
complex serial expression pattern of nuclear receptors that
involved early, intermediate and late responses. Our results
on LPS induced expression of transcription factors in WT
peritoneal macrophages described in the current study are in
general agreement with those by Barish et al. While PPARα
expression was not altered by LPS, PPARγ decreased to 3%
of basal levels, within 8 h of LPS exposure which is
consistent with Barish's study. The increase in PPARδ
peaked at 8 h after LPS exposure while in the study by Barish
et al. it peaked at 16 h. LXRα expression peaked at 16 h in
both studies. RXR was not altered after LPS stimulation in
this study, which differs from the Barish study where RXR
was a late marker that increased by 24 h. The differences
observed between the studies may depend on the different
populations of macrophages (bone marrow vs. peritoneal
macrophages) or the fact that Barish et al. used a 10 fold
higher concentration of LPS.
These results provided an opportunity to determine
whether the mechanism of action of DHA is through
activation of PPAR/RXR/LXR nuclear transcription factors.
We have previously shown that high doses of oral DHA leads
to reversal of the CF phenotype in pancreas and ileum, as well
as attenuation of LPS induced lung inflammation in cftr−/−
mice [11]. In the current study, DHA treatment (in vivo or in
vitro) decreased TNFα secretion in CF macrophages. This
was associated with a decrease in p65 NFκB activity. Having
shown that PPAR/LXR pathways are dysfunctional in CF
macrophages we examined the effect of DHA on these
pathways. DHA is a well known PPARα ligand and EMSA
analysis showed that PPARα is significantly increased in CF
macrophages after oral DHA treatment. By RT-PCR, DHA
increased expression of PPARα, PPARγ and RXRα in CF
but not in WT macrophages. The expressions of the PPARα
target gene Acyl CoA-oxidase [50,51] and the PPARγ target
gene CD36 [52,53] were also increased selectively in CF
macrophages. There was no effect of DHA on PPARδ, or
LXRα or its downstream product ABCA1.
Furthermore we showed that the effect of DHA on LPS
induced TNFα secretion can be reproduced by PPARα
(Wy14643) and PPARγ (Roziglitazone) agonists. Although
PPARγ agonists has been demonstrated by several groups to
have PPARγ independent effects, the effect of rosiglitazone
on TNFα secretion has been shown to be PPARγ dependent
77C. Andersson et al. / Journal of Cystic Fibrosis 7 (2008) 68–78[54]. The PPARα antagonist MK-886 inhibited the effect of
DHA on TNFα secretion indicating that DHA acts through
PPARα. DHA was the only n-3 fatty acid tested that
decreased TNFα secretion significantly although there was a
trend for the same effect using EPA. Interestingly the n-6
fatty acid linoleic acid decreased TNFα secretion in CF
macrophages, but not in WT.
CF patients [12] as well as cftr−/− mice [11] have low
levels of linoleic acid and DHA. Since fatty acids are ligands
to PPARs, alterations in the fatty acid profile of CF
macrophages could provide an explanation for the decreased
PPAR activity. However, no reduction in DHA levels was
seen in CF macrophages compared to WT. Hence, low DHA
levels are not the explanation as to why PPARs are
dysfunctional in CF peritoneal macrophages. Interestingly,
the end product of the n-6 fatty acid pathway, 22:5, was
increased in CF macrophages which could suggest increased
metabolism in the n-6 fatty acid pathway.
Despite normal levels of DHA in CF peritoneal macro-
phages, DHA administration in vivo was still able to increase
PPAR activity and induce an anti-inflammatory effect
suggesting that DHA mediates its effects in part through
PPAR activation. However, DHA may have other anti-
inflammatory properties including lowering of arachidonic
acid levels as well as providing the substrate for the production
of resolvins and docosatrienes which are important for the
termination of the inflammatory process [55–58].
In summary, our results suggest that defective regulation
of proinflammatory pathways due to impaired PPAR and
LXR expression and function in macrophages may be a
contributing factor to the excessive inflammation in CF. DHA
treatment increased PPAR activity, decreased NF-κB activity,
and decreased TNFα secretion from CF macrophages. These
data suggest that DHA acts, at least in part, through PPARα
and γ in macrophages to reduce CF associated inflammation
and that this may provide a potential therapeutic pathway for
treatment of CF.
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